As part of the DNA Sequencing Research Group of the Association of Biomolecular Resource Facilities, we have tested the reproducibility of the Roche/454 GS-FLX Titanium System at five core facilities. Experience with the Roche/454 system ranged from Ͻ10 to Ͼ340 sequencing runs performed. All participating sites were supplied with an aliquot of a common DNA preparation and were requested to conduct sequencing at a common loading condition. The evaluation of sequencing yield and accuracy metrics was assessed at a single site. The study was conducted using a laboratory strain of the Dutch elm disease fungus Ophiostoma novo-ulmi strain H327, an ascomycete, vegetatively haploid fungus with an estimated genome size of 30 -50 Mb. We show that the Titanium System is reproducible, with some variation detected in loading conditions, sequencing yield, and homopolymer length accuracy. We demonstrate that reads shorter than the theoretical minimum length are of lower overall quality and not simply truncated reads. The O. novo-ulmi H327 genome assembly is 31.8 Mb and is comprised of eight chromosome-length linear scaffolds, a circular mitochondrial conti of 66.4 kb, and a putative 4.2-kb linear plasmid. We estimate that the nuclear genome encodes 8613 protein coding genes, and the mitochondrion encodes 15 genes and 26 tRNAs.
INTRODUCTION
Massively parallel sequencing technologies have dramatically sped up the process of very high-throughput sequencing at reduced costs, thus enabling genomic research projects to be conducted across the full spectrum of the biomedical and life sciences. Within these projects, the genome sequencing component is often conducted at a core facility that prepares and sequences the DNA sample and delivers a genomic read set and/or genome assembly for annotation and further studies. Ideally, the genomic data produced should be of consistent and high quality regardless of the individual facility, allowing investigators to select a facility or facilities based on the needs of the project.
The DNA Sequencing Research Group (DSRG) of the Association of Biomolecular Resource Facilities (ABRF) fosters collaborations between core genomics facilities, including the design and implementation of studies to assess the capabilities of its member laboratories and to promote excellence in DNA sequencing. In this study, the DSRG sought to assess the performance of the Roche/454 GS-FLX Titanium se-quencing platform 1 across multiple core facilities to determine the reproducibility of this instrument, its protocols, and reagents. To avoid additional experimental variation as a result of the use of different samples and sample preparation protocols, we prepared a single DNA sample and distributed aliquots to the participating facilities. As part of the study, we chose to sequence the genome of strain H327 of O. novo-ulmi, the fungal pathogen responsible for the current pandemic of Dutch elm disease. O. novo-ulmi is a vegetatively haploid ascomycetous fungus with an estimated genome size of 30 -50 Mb. 2 As very few fungal genomes have been sequenced-none from the Ophiostoma/Ceratocystis groupnone of the sequencing teams had previous experience from which to draw, and all groups relied completely on standard protocols. Further, given the 30-to 50-Mb genome size, the sample was an appropriate candidate, where multiple runs would be required to gain a high level of genome coverage. Also, as a de novo sequencing project, the genome assembly of this organism would provide new biological knowledge in addition to our technical evaluations.
In this study, we present an assessment of the Roche/ 454 GS-FLX Titanium sequencing platform across five genomic core facilities, including comparisons of sequencing throughput, accuracy, and coverage. In addition, we present the genome assembly of O. novo-ulmi H327 for use by the fungal and tree pathogen research communities.
METHODS

Isolation of O. novo-ulmi H327
O. novo-ulmi subsp. novo-ulmi strain H327 was isolated from an infected elm in the city of Bratislava, Slovakia, in 1979 by H. Jamnicky. This highly aggressive strain has been used for over 25 years in genetic and genomic studies of Dutch elm disease. 3, 4 Total genomic DNA (40 g) suspended in Tris/EDTA (TE; pH 8.0) at a concentration of 1 g/ul was extracted from a yeast-like cell culture of strain H327 as described previously. 5 Genome Sequencing, Assembly, and Annotation
Prior to sending aliquots to all facilities, a trial fragment library was generated and sequenced at one site. Following confirmation of the suitability of the sample, a larger scale fragment library was created, divided into aliquots, and sent to all participants. Additionally, a single 8-kb, pairedend library was generated and sequenced at one site. At all facilities, sequencing was performed using the Roche/454 GS-FLX Titanium System, following the manufacturer's protocols. Fragment and paired-end reads were collected at a single site and assembled using Newbler version 2.3. The assembly was further improved manually and with the aid of custom Python scripts. Gene predictions on the linear scaffolds were performed using GeneMark-ES version 2.3. 6 Expressed sequence tag (EST) sequences 7 were aligned to the genome assembly using Basic Local Alignment Search Tool (BLAST)-Like Alignment Tool (BLAT). 8 
Sequencing Yield and Accuracy Analyses
Sequence reads were aligned to the genome assembly using BLAT. All analyses were conducted using custom Python scripts. This included generating random pyrosequencing reads, cataloguing homopolymers from the genome sequences, and determining homopolymer accuracy and substitution error rates from the read sequence alignments.
Figures were generated using the Matplotlib Python module or the R statistical package.
RESULTS
DNA Sample Preparation and Facility Experience
A single colony culture of O. novo-ulmi strain H327 was grown and had its DNA extracted following protocols described previously.
5 DNA (40 g), suspended in 40 l TE (pH 8.0), was evaluated by 0.8% agarose gel electrophoresis and spectrometry to confirm that the DNA was of high MW (Ͼ23 kb), with no visible appearance of residual RNA and an absorbance at 260 nm:280 nm ratio of Ͼ1.9. Five micrograms of DNA was used, following the manufacturer's protocols, to generate a preliminary GS-FLX Titanium fragment library that was sequenced on one-half of a PicoTiter Plate (PTP). The observation of high-quality sequences (peak read length Ͼ400 nt, Ͼ225,000 reads) indicated that the sample was suitable for further sequencing. Aliquots of a fresh preparation of size-selected ssDNA (verified by BioAnalyzer analysis) were sent to four additional genomics core facilities, where each facility sequenced a full PTP plate, with at least one of the halves loaded at a common concentration of three copies/bead (cpb). A third preparation for an 8-kb paired-end library was made from the same DNA source and sequenced at one site.
DNA sequencing was conducted at five separate facilities, identified as A, B, C, D, and E. The size and experience of the sequencing teams ranged from technical staffs of two (A and D) to seven full-time equivalents (E) and laboratory experience from five (D) to 345 runs (E), respectively ( Table 1) . The runs performed on the instruments used in this study ranged from five (D) to 197 (E). All sequence data were returned to one facility for centralized analysis.
Sequencing Yield and Quality
For each facility, we report the total number of reads and the number of bases sequenced for each region of a tworegion PTP ( V. FORGETTA ET AL. / O. novo-ulmi GENOME SEQUENCING AT MULTIPLE CORE FACILITIES JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 24, ISSUE 1, 0 2013 Ͼ400 nt peak read length for a full PTP). On a full PTP basis, the number of reads and bases sequenced had an average of 1.28 million reads and 506 Mb and ranged from 1.05 million reads and 411 Mb (E) to 1.57 million and 580 Mb (C; Table 1 ). In terms of total reads, Facility C was the top performer, with 21% more reads and 15% more bases sequenced than the average. Facility E ranked fifth, with 18% less reads and bases sequenced. With the exception of Facility D (which intentionally attempted a second loading different from 3 cpb), the read-count differences between the two one-half PTPs were within 10% ( Table 1 ). The average peak read length was 478 and varied from 473 nt (E) to 481 nt (A, B) between facilities.
To compare sequence yield and read length with a theoretical optimum, we bioinformatically generated 500,000 random DNA sequences of 1200 nt in length and subjected them to in silico pyrosequencing (200 cycles). These random theoretical reads had a peak read length of 531 nt (2.6 in silico incorporations/cycle), and the shortest possible read was 450 nt ( Fig. 1 ) Our lower observed peak read length for the experimental data (478 nt; Table 1 and Fig. 1A ) was a result of a combination of nonrandom genome base composition, the trimming of low-quality sequence on the 3= end of each read, and the excision of the molecular identifier tag on the 5= end (data not shown). With the use of the calculated difference (81 nt) in peak read length to shortest read length for the theoretical read set, we thus estimated that the lower boundary for a completely successful read from the O. novo-ulmi genome to be ϳ397 nt (Fig. 1A) . Therefore, reads below 397 nt do not represent fully successful sequencing events and must be truncated as a result of short DNA templates, failed sequencing reactions, and/or other phenomena. With the use of this threshold, we observed that Ͼ60% of reads from four facilities (A, B, D, and E) meet our criteria of full length (Table 1 ). Contrary to its top ranking in overall sequence yield, Facility C's full-length performance was below that of other facilities, with only 50% of reads being full-length (Table 1) . This is also visually evident as a larger tail of short reads for Facility C (Fig. 1A) . Facility D had the highest proportion of reads (74%) of full length (Table 1) . When we normalized yields by selecting 1 million reads randomly from each facility, we continued to show that whereas peak heights were very consistent, the ratio of truncated:fulllength reads varied among facilities (Fig. 1B) .
Apart from the value of longer sequence contiguity given by longer reads, truncated reads can still contribute to genome coverage and assembly as long as they are of high base-calling quality. We thus investigated variation in base quality among facilities, including whether reads of less than full-length were of lower quality than full-length reads. For each facility, we catalogued the quality values of all bases from reads Ͻ and Ͼ397 nt separately. For reads Ͻ397 nt, we observed a peak quality value of 30 -31 ( Fig. 2A) , with 65% of bases being at or above this peak value. This is in contrast to reads Ͼ397 nt, where the average peak-quality value is 36 ( Fig. 2A) and at least 90% of bases are above or equal to a quality value of 30. Notably, for Facility C, full-length reads had a peak quality value of 37. Extending the quality analysis further, we catalogued the average quality of bases from reads Ͻ and Ͼ397 nt by their position on the sequencing read (Fig. 2B) . We observed that the reads Ͻ397 nt are of lower average quality across their entire length as compared with longer reads Core facility read length distribution. (A) Total read length distribution for the five core facilities (A-E) and 500,000 randomly generated reads. The peak read length for the five core facilities (478 nt) and the random sequences (531 nt) are marked below the x-axis. The distance to the shortest random sequence is marked (450 nt) and was found to be 81 nt. This same distance from the peak read length for the five core facilities is also marked (397 nt). (B) Read length distribution for 1 million randomly selected reads from each core facility (A-E) and 500,000 random pyrosequencing reads (same as A).
V. FORGETTA ET AL. / O. novo-ulmi GENOME SEQUENCING AT MULTIPLE CORE FACILITIES 4 JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 24, ISSUE 1, 0 2013 (Fig. 2B) . Also, longer reads maintain a minimum quality value of 35 up to 300 nt, whereas shorter reads show a gradual decrease in average quality value across their length.
Overview of the H327 Genome Assembly
The O. novo-ulmi H327 genome was assembled using the combined read sets from all five facilities (6,425,848 reads; 2,529,913,632 bases), as well as 181,162 paired-end sequence reads (7 kb average insert sizeϮ2.5 kb). With the use of Newbler version 2.3, this produced an initial assembly of 19 scaffolds at an average 61ϫ coverage. The 19 scaffolds consisted of nine large multi-contig scaffolds (Ͼ500 kb), nine single contig scaffolds (Ͻ5 kb), and one scaffold of two contigs containing a partial sequence of the ribosomal gene (ϳ9 kb). Paired-end information linked either end of this ribosomal scaffold to two larger scaffolds, leading us to merge these three scaffolds together (scaffold00010 in Table 2 ). Also using paired-end information, we placed seven of nine small single contig scaffolds into sequence gaps within large scaffolds (data not shown). Of the two remaining small scaffolds, one had low read depth of coverage and was discarded (length 2187 nt), whereas the other of length 4151 nt had higher than average read coverage of 73ϫ and was retained separately (Table 2) . National Center for Biotechnology Information (NCBI) BLAST analysis of this scaffold shows that it is likely to be of fungal origin, as it had 39% amino acid similarity (e-value 3e-29) to a predicted protein from the filamentous fungus Grosmannia clavigera, which like O. novo-ulmi, belongs to the Ophiostomatales. 9 Compared with experiences with other microbial genomes, the O. novo-ulmi assembly had a higher-than-anticipated number of unassembled reads (Ͼ11% of reads of high sequence quality). NCBI BLAST analysis indicated that this included a large proportion of reads with similarities to fungal mitochondrial genomes. With the use of an independent assembly of a subset of unassembled reads, we were able to demonstrate the presence of a very high copy number (Ͼ3500-fold coverage), 66.357 kb, a single, circular contig corresponding to the O. novo-ulmi H327 mitochondrion.
After applying these improvements, the genome assembly of O. novo-ulmi H327 consists of nine scaffolds containing 160 contigs and totals 31,789,037 nucleotides (Table 2 and Fig. 3A) . The sizes of the eight largest scaffolds are consistent with what has been observed using PFGE of chromosomes for various strains of Dutch elm disease fungi, including O. novo-ulmi strain H327 (Fig. 3B) . 3 The length of these scaffolds and absence of paired-ends extending the extremities of these scaffolds indicate that they represent linear chromosomes. We predict that the eight large scaffolds contain a total of 8613 genes ( Table 2) . To further assess the overall completeness of the genome assembly, we aligned 3309 EST sequences from Hintz et al. 7 and catalogued the number of unique, high-scoring alignments. The vast majority of ESTs (3277, 99.01%) mapped to the assembly, suggesting that the protein-coding portion of the genome is essentially completely contained with the genome assembly.
In addition to these linear scaffolds, we assembled a 66,357-nt circular scaffold, which had its circularity confirmed by multiple paired-end and fragment reads (Fig.  3C) . The sequence is similar in size to known Ophiostoma mitochondria 10 and has been annotated to show the positions of 26 tRNAs and 15 genes. There remains a single contig of 4191 nt that we cannot place into the genome assembly. This contig had a higher average depth of coverage than the rest of the nuclear genome, showed no evidence of circularity, and had no matches to any paired-ends from the 8-kb library but did have sequence similarities indicating a fungal origin. We hypothesize that this molecule represents a short, linear dsDNA plasmid.
The entire genome assembly is available at NCBI BioProject under Accession Number PRJNA173023 and is also publicly available at http://www.genomequebec.mcgill.ca/ compgen/browser-ophiostoma/cgi-bin/hgGateway.
Sequencing Coverage, Homopolymer Accuracy, and Substitution Rates
The use of the genome assembly as a reference allowed us to go back to data from each sequencing facility and measure how accuracy at the read level compared with the consensus sequence. After accounting for reads of mitochondrial DNA origin, the contribution to coverage by each facility ranged from 10ϫ (E) to 16ϫ (C). The vast majority of assembled bases is covered by at least one read from each facility (99.92%; 31,680,436 nt), with 94.06% of the assembled bases covered by five or more reads from each facility. Only 23,727 nt (0.074%) of the genome is covered by four facilities or less. Also, of the total number of bases assembled, 99.93% (31,683,719) are at the maximum quality value of 64. In the O. novo-ulmi genome assembly, we catalogued a total of 408,315 homopolymers from 4 to 10 nt in length ( Table 3 ). The majority (402,455; 98.5%) is 7 nt or less, and there are ϳ2.8-fold more A/T than C/G homopolymers (Fig. 4A) . Read accuracy was measured by comparing homopolymer length from individual reads with their orthologous occurrence in the genome sequence. To perform this analysis, we aligned the reads from each facility to the O. novo-ulmi H327 genome, retaining only reads with unique alignments Ͼ300 nt. We then catalogued within each alignment the homopolymer length from the read sequence and the orthologous genome sequence. We only considered homopolymer alignments that had flanking nucleotides on both ends that matched between the read and genome sequence. With these criteria, we were able to measure homopolymer accuracy for ϳ85% of shorter homopolymers (4 -5 nt) to 65% of longer homopolymers (7 nt or more; Table 3 ). Within this set, we observed that accuracy decreased with increasing homopolymer length (Fig. 4B) . We also observed that while B, C, D, and E performed similarly and maintained Ͼ50% accuracy for all homopolymer lengths considered, the performance for Facility A was lower, achieving 65% accuracy for homopolymers of length 7, and Ͻ50% for homopolymers of lengths 9 and 10. The lower accuracy for Facility A was observed for all four nucleotides (A, C, G, and T), particularly for A/T homopolymers (Fig. 5A) . Otherwise, variation in homopolymer accuracy between bases for any a single facility was consistent (Fig. 5B) . We next sought to determine whether inaccuracies in homopolymer length were a result of under-calling or over-calling of homopolymer lengths in individual reads. Figure 5C illustrates that the majority of errors across all facilities is a result of under-calls and that Facility A tends to under-call homopolymers of length nine or 10 at an equal or greater proportion as compared with correct calls.
Similar to the homopolymer analysis, we conducted a substitution error rate analysis using only unique alignments of Ͼ300 nt. In addition, we only considered alignments that had one or two mismatches to the genome sequence and only substitutions (not gaps) that appeared Ͼ5 nt from the end of the read or another mismatch. With the use of these criteria, we catalogued 135,037 substitutions and observed that 94.9% (128,201) occurred once per read. Within each substitution type (e.g., TϾC or AϾG), the substitution error rate per facility showed slight variation (Fig.  6) , with Facility E having a slightly higher rate for C Ͼ T or G Ͼ A substitutions and Facility B having a higher rate for G Ͼ T or C Ͼ A substitutions. The most marked variation is the elevated error rates across all facilities for T Ͼ C or A Ͼ G and C Ͼ T or G Ͼ A substitutions (Fig. 6 ). This has been observed previously for this sequencing technology 11 and is attributable to PCR fidelity during library preparation. [12] [13] [14] Notwithstanding these polymerase-based substitutions, the substitution error rate is Ͻ0.4/1000 sequenced bases for the other four substitution types and is similar to previously published observations for pyrosequencing.
11
DISCUSSION
The first objective of this study was to test the performance and reproducibility of the Roche/454 GS-FLX Titanium System across a number of genomics core facilities. To eliminate sample variation, we chose to sequence the genome of a single colony isolate of O. novo-ulmi strain H327. As no other strains of the Ophiostoma ulmi group have been sequenced, this gave us the opportunity to pro- Overall, the Roche/454 GS-FLX Titanium System was reproducible across the five facilities tested in this study. All sites easily surpassed a minimum performance threshold of Ͼ450,000 reads per one-half PTP and a peak read length of Ͼ400 nt, with all facilities generating a minimum of 500,000 reads and a peak read length between 473 and 481 nt. Some cross-facility variation in output was observed, particularly in transforming emulsion PCR and plate-loading conditions into consistent read outputs.
In addition to comparing throughput, the reproducibility of several quality metrics was tested. Conceptually, the Roche/454 sequencing process should have a minimum read length of ϳ400 nt when presented with suitably high-quality libraries. The partitioning of reads below and above a measure of full length revealed that the production of higher read numbers can be offset if there is a higher proportion of shorter reads, as these shortened reads are of lower quality throughout their length. The use of higher proportions of lower-quality reads may impact downstream analysis, especially when searching for variants. For genome assemblies built from consensus sequences, these shorter, lower-quality reads will remain useful as they con-
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Homopolymer length Genome A B C D E tribute to overall genome coverage. However, for low-pass sequencing projects, including metagenomics projects, sequencing errors in lower-quality reads may result in poorer analysis results. To further investigate sequencing quality at a sequencing read level, we compared homopolymer lengths as well as substitution error rates. All facilities had equivalent homopolymer calling accuracy for homopolymers Ͻ7 nt, achieving Ͼ75% accuracy. Above this homopolymer length, all facilities showed a decrease in accuracy, typically under-calling the homopolymer length compared with what was observed in the genome sequence. Notably, we observed that facilities varied in homopolymer calling accuracy, with a single facility showing a marked decrease in homopolymer accuracy, with Ͻ50% accuracy for homopolymers of length 9 or 10 nt. We estimate that assembling the genome, using only reads from this facility, would have incorrectly determined the length of ϳ2400 homopolymer tracts. Although of lower accuracy than the norm, it must be kept in mind that this would affect Ͻ0.008% of the genome assembly. This decrease in accuracy would be more significant for genomic samples with larger proportions of long homopolymers or in cases where the analysis of individual reads are of importance. Although we cannot precisely identity the cause of the problem, aspects of our experimental design (common sample, often common batches, or lots of reagents) lead us to suspect it is a result of variance in individual machine performance and thus, un- derline the importance of system maintenance. We also evaluated the substitution error rate and show it is occurring at a rate of 1:2500 sequenced nucleotides on a read basis. For certain substitutions, particularly T Ͼ C and A Ͼ G, the error rate is higher as a result of PCR fidelity during library preparation. 11 Among the facilities tested in this study, we found no correlation between the size or experience of the sequencing team and sequencing yield or accuracy. Overall, we make three general conclusions of relevance to individual researchers, considering the purchase of sequencing services from core facilities. The first is that a review of sequencing quality, especially the ratio of shortened versus full-length reads, is a strong indicator of overall quality. The second is that there is no observable penalty to using multiple core facilities, as long as each facility can provide high-quality sequencing. Our third conclusion is that a minimum threshold of 450,000 reads and peak read length of 400 nt are poor standards for a high-quality sample, and expectations of higher performance (Ͼ500,000 reads; peak read length approaching 400 nt) are much more reasonable.
We have produced a high-quality assembly of the 31.8 Mb O. novo-ulmi H327 genome. The eight largest linear scaffolds are similar in length and number to whole chromosomes as measured by PFGE, and the number and density of predicted genes are similar to related fungi. 15 Also, the near-complete mapping of an independent set of ESTs 7, 16 indicates that the protein-coding portion of the genome is comprehensively represented in the assembly. In addition to the assembling chromosome-length sequences, we completely assembled the 66.4-kb mitochondrial genome into a single contig and confirmed its circularity using read sequence and paired-end information. Although not verified, we also hypothesize the presence of a small (4.2 kb), linear plasmid associated with this strain. This first genome reference sequence provides a foundation to conduct further research. The O. ulmi group is characterized by levels of pathogenicity and cross-continental migrations, 3, 17, 18 so comparative sequencing of O. ulmi, O. novo-ulmi, and Ophiostoma himal-ulmi may elucidate evolutionary changes correlated with virulence. Further, as strains are interfertile and can be subjected to controlled matings, genetic/genomic opportunities now exist to trace heritable characteristics more directly to their underlying genomic changes.
